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ABSTRACT
Direct-imaging exoplanet surveys have discovered a class of 5-20 MJup substellar companions at separations
>100 AU from their host stars, which present a challenge to planet and star formation models. Detailed analysis
of the orbital architecture of these systems can provide constraints on possible formation mechanisms, including
the possibility they were dynamically ejected onto a wide orbit. We present astrometry for the wide planetary-
mass companion GSC 6214-210 b (240 AU; ≈14 MJup) obtained using NIRC2 with adaptive optics at the Keck
telescope over ten years. Our measurements achieved astrometric uncertainties of ≈1 mas per epoch. We
determined a relative motion of 1.12±0.15 mas yr−1 (0.61 ± 0.09 km s−1), the first detection of orbital motion
for this companion. We compute the minimum periastron for the companion due to our measured velocity
vector, and derive constraints on orbital parameters through our modified implementation of the Orbits for the
Impatient rejection sampling algorithm. We find that close periastron orbits, which could indicate the companion
was dynamically scattered, are present in our posterior but have low likelihoods. For all orbits in our posterior,
we assess the detectability of close-in companions that could have scattered GSC 6214-210 b from a closer
orbit, and find that most potential scatterers would have been detected in previous imaging. We conclude that
formation at small orbital separation and subsequent dynamical scattering through interaction with another
potential close-in object is an unlikely formation pathway for this companion. We also update stellar and
substellar properties for the system due to the new parallax from Gaia DR2.
Keywords: astrometry — brown dwarfs — stars: imaging — planetary systems — planets and satellites: indi-
vidual (GSC 6214-210 b) — stars: individual (GSC 6214-210)
1. INTRODUCTION
The growing population of diverse exoplanetary systems
provides opportunities to test theories of star and planet
formation, particularly as planets are discovered at the ex-
trema of parameter space. The population of directly im-
aged sub-stellar companions near the deuterium burning limit
(.13 MJup) at very wide separations (>100 AU) from their
host stars, referred to as wide planetary-mass companions
(PMCs), is well positioned for studying star and planet for-
mation, because their orbits make them relatively easy ob-
serving targets and ideal for testing formation routes.
Wide-orbit companions are not common, yet do seem to
be a standard outcome of star and planet formation. Oc-
currence rates of these objects have been found to be 1–4%
(Bowler 2016; Ireland et al. 2011). The dominant formation
mechanism for these objects remains unclear. Fragmenta-
tion from the same molecular cloud as the primary is capa-
ble of producing appropriately-sized cores, but such cores
may struggle to prevent further accretion and instead grow
to stellar masses (Bate 2012). Gravitational instability in
protostellar disks is capable of forming fragments of sev-
eral Jupiter masses at wide separations, and so is a promis-
ing pathway for PMC formation, but also requires a mecha-
nism to limit growth to only ∼10 MJup (Kratter et al. 2010;
Dodson-Robinson et al. 2009). Fragmentation of a Class II
disk, after much of the envelope has been exhausted, is also
a viable path, however Andrews et al. (2013) showed this is
likely to produce wide planetary-mass companions only in
the most massive disks. Classical planet assembly through
core accretion is unrealistic in-situ at hundreds of AU on
timescales of the ages of the systems for which PMCs are
observed (τ = 1-10 Myr) (Goldreich et al. 2004; Levison
& Stewart 2001). Gas giant planet formation at wide sep-
arations is hampered by exceedingly long timescales (longer
than the ages of observed systems) (Dodson-Robinson et al.
2009), although pebble accretion can reduce the timescales
to below protoplanetary disk lifetimes out to 100 AU (Lam-
brechts & Johansen 2012; Johansen & Lambrechts 2017),
which is feasible for systems like HR 8799 (Marois et al.
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2010). However many wide orbit companions in the plane-
tary mass regime lie well beyond 100 AU.
Finally, classical core accretion could form extremely mas-
sive giant planets at close radii, near ice lines of 1-2 AU,
which could then be ejected out to wide orbits through dy-
namical interactions at any point in their lifetimes. If this
model dominated, extremely eccentric orbits would be com-
mon among these systems, and other, close in companions of
equal or greater mass would be needed in the systems to scat-
ter the PMC to its current radius (e.g. Ford & Rasio 2008; Ve-
ras et al. 2009). Thus the system would need to have formed
several extremely massive planets.
It remains unclear if there is one dominant formation chan-
nel for the population as a whole. Observations are hampered
by population statistics: relatively few of these objects are
known, and fewer have been observed long enough to detect
orbital motion and constrain their orbital parameters. Full or-
bit studies are becoming feasible for close-in directly imaged
giant planets (e.g., HR8799 bcde: Konopacky et al. 2016; β
Pic b: Nielsen et al. 2014; Fomalhaut b: Pearce et al. 2015,
Beust et al. 2016; 51 Eri b: De Rosa et al. 2015). Most wide
planetary-mass companions, however, are still limited to lin-
ear orbit arcs.
Results from orbit studies of wide companions to date have
reached mixed conclusions about formation mechanism be-
cause of the wide range of orbital parameters among systems,
and sometimes even different conclusions for the same sys-
tem (e.g., GQ Lup; Ginski et al. 2014; Schwarz et al. 2016).
The wide range in eccentricities found thus far does not sug-
gest a clear common trend. There appear to be low eccen-
tricities for ROXs 12 b and ROX 42B b (Bryan et al. 2016), a
high eccentricity for PZ Tel (Ginski et al. 2014; Biller et al.
2010), and a range for the systems analyzed by Blunt et al.
2017. Additional studies of PMC system orbital architectures
can shed light on the range of possible formation pathways
for this population group.
In this paper we test the ejection model for the formation of
the wide-orbit substellar companion to GSC 6214-210. We
perform a detailed study of the relative astrometry and or-
bital solutions from imaging data over a nine year observa-
tional period. In Section 2 we describe previous studies of
this system and update system parameters in light of the new
parallax measurement from Gaia data release 2. In Section
3 we describe our observations, and in Section 4, we outline
our astrometric measurement and our detection of orbital mo-
tion. In Section 5, we present our orbit fitting procedure and
show the constraints our orbital motion measurement places
on the orbit configuration. We also determine that the exis-
tence of another, close-in companion cannot be completely
ruled out, but is unlikely. Finally, in Section 6, we show that
the ejection model cannot be ruled out, but in-situ formation
is more likely to explain this PMC.
2. SYSTEM PROPERTIES
2.1. History
GSC 6214-210 is a pre-main sequence star identified as
a member of the Upper Scorpius subgroup of the Scorpius-
Centaurus OB association in Preibisch et al. (1998). They
observed the star to have lithium absorption (EW = 0.38 Å)
and Hα emission (EW = –1.51 Å) in their survey of X-ray
selected PMS candidates. Bowler et al. (2014) determined
a spectral type to K5 ± 1, and mass of M? = 0.9± 0.1 M
based on their optical spectrum fit to models adjusted for ex-
tinction. The median age for USco of 10 Myr (Pecaut et al.
2012; Feiden 2016) has been adopted for recent studies of
this system. There is no evidence of the primary being a bi-
nary system (Kraus et al. 2008).
GSC 6214-210 was discovered to host a wide planetary-
mass companion by Ireland et al. (2011) in their adaptive
optics imaging survey for wide companions in Upper Sco.
They found the companion to be very red (J −K = 1.3 mag,
K −L = 1.05 mag). Bowler et al. (2014) measured a spectral
type of M9.5 ± 1 and model-derived mass of Mc = 14± 2
MJupfor the companion.
Bowler et al. (2011) reported evidence of Paβ emission
from the companion that is lacking from the star, implying
the presence of a circumplanetary disk that is actively accret-
ing mass, which may have contributed to the red color ob-
served by Ireland et al. (2011). Bowler et al. (2011) studied
the survivability of a circumplanetary disk in planet-planet
scattering interactions, and infer from the continued presence
of the disk that GSC 6214-210 b1 likely did not form at close
radius and scatter to its current location through interaction
with another companion. ALMA observations of the system
in Bowler et al. (2015) found no observable emission above
background, which shows the disks around the primary and
companion to be low mass (. 0.05 MJup for the companion).
They concluded that both GSC 6214-210 and its companion
are likely at the end stages of formation.
No radial velocity surveys have been conducted to search
for other unresolved companions, and past studies did not
report any indication of an additional companion.
2.2. Updated properties
Previous studies of the GSC 6214-210 system adopted the
mean distance and age of Upper Sco (d = 145 ± 14 pc; τ =
5-10 Myr; Pecaut et al. 2012) for this system. However, Gaia
DR2 reported a parallax measurement of pi = 9.19± 0.04 mas
(Gaia Collaboration et al. 2018), which gives a distance (d =
108.8 ± 0.5 pc) that is considerably closer than was previ-
1 There is some disagreement in the literature on the appropriate label for
the companion, “B” or “b”. The Simbad entry for the companion gives the
label “b”, so we adopted the lowercase b for the companion in this work to
maintain consistency with Simbad.
ORBITAL MOTION OF GSC 6214-210 B 3
Figure 1. Example image of GSC 6214-210 and companion from
the 2017 observation epoch. The companion, labeled “b”, can be
seen at 2.2′′to the south.
ously assumed. The astrometric excess noise on the parallax
is 0.0, indicating a good parallax solution. We therefore up-
date the system properties here.
Gaia DR2 reported a proper motion of µ = (–19.38± 0.10,
–31.25 ± 0.07) mas yr-1 for GSC 6214-210 (Gaia Collabora-
tion et al. 2018). This proper motion and distance places GSC
6214-210 near the edge of proper motion space for the USco
subgroup (Rizzuto et al. 2011; Wright & Mamajek 2018).
We used the matrices of Johnson & Soderblom (1987) and
the Gaia proper motion and radial velocity measurements to
compute new UVW velocities for the system, obtaining U =
–4.53 ± 0.83 km s-1, V = –18.01 ± 0.11 km s-1, and W = –
4.86 ± 0.29 km s-1. These velocities are still consistent with
USco membership, given the internal velocity dispersion of
the association from Rizzuto et al. (2011) and Wright & Ma-
majek (2018).
The revised distance has implications for the primary star
age and mass as well. To update the stellar parameters,
we began with the effective temperature and luminosity of
Teff? = 4200 ± 150 K and L? = 0.38 ± 0.07 L reported in
Bowler et al. (2011), and calculated the new luminosity to
be L? = 0.221 ± 0.002 L using the same spectral energy
distribution calculation from that work. This new luminos-
ity, and the temperature of Bowler et al. (2011), gives a mass
and age of M? = 0.80 ± 0.11 M, τ = 24 +7−5 Myr using the
evolutionary models of Baraffe et al. (2015). We also com-
pared the temperature and luminosity to the models of Fei-
den (2016) for young star convection inhibited by magnetic
fields, which yielded M? = 0.78 ± 0.06 M, τ = 41± 10
Myr. These ages are in conflict with each other, and highly
discrepant with other age determinations of USco members
(Pecaut et al. 2012; Rizzuto et al. 2016). However, given
the existence of numerous other signatures of youth seen in
the primary star (such as lithium absorption, Hα emission,
and X-ray emission; Preibisch et al. 1998), its membership
in USco seems to remain secure.
For this regime of luminosity and temperature, model-
predicted masses depend strongly on age. Adopting a prior
informed by the age distribution of the broader population
therefore can clarify the likely system parameters and the de-
gree of tension between observations and expectations. The
ages suggested for the subgroups of Sco-Cen members span
5-20 Myr (Pecaut et al. 2012; Rizzuto et al. 2016; Pecaut &
Mamajek 2016), so we also estimate the age and mass after
imposing linear-uniform priors over 5 < τ < 20 Myr and (to
broadly allow any possible mass) 0.2 < M < 1.4 M . To
implement this prior, we first drew random (M,τ ) pairs from
the linear-uniform distributions, and then computed a corre-
sponding (L,Teff) pair for each (M,τ ) pair by interpolating
the Baraffe et al. (2015) and Feiden (2016) models. For each
pair, we then computed the likelihood that we would have ob-
tained our inferred values of luminosity (L? = 0.221 ± 0.002
L) and temperature (Teff? = 4200 ± 150 K), given our es-
timated uncertainties, if that pair represented the true mass
and age of GSC 6214-210. The likelihood was adopted as
a weight for that (M,τ ) pair. Finally, we computed weighted
means of the age and mass across all pairs of potential masses
and radii, yielding M = 0.78 ± 0.03 M, τ = 14± 3 Myr
for the models of Baraffe et al. (2015) and M = 0.83 ± 0.02
M and τ = 16.9 +1.9−2.9 Myr for the models of Feiden (2016).
The magnetized models have been shown to more accurately
predict mass and age for USco (Feiden 2016; Rizzuto et al.
2016), so we adopted this mass and age for the primary.
Bowler et al. (2011) used the substellar companion’s ob-
served spectral energy distribution to estimate the bolometric
luminosity of the companion, log(L/L) –3.1 ± 0.11 dex.
Given the updated distance measurement, we recalculate this
value to be log(L/L) = –3.35 ± 0.02 dex. Adopting the
age of τ = 16.9 +1.9−2.9 Myr for the GSC 6214-210 system, we
have compared the age and luminosity to the brown dwarf
evolutionary models of Baraffe et al. (2003) that incorporate
updated BT-Settl atmospheres (Allard et al. 2012), as well
as to the models of Burrows et al. (1997). We find model-
predicted masses of Mc = 14.0 ± 0.6 MJup and Mc = 14.9
± 0.2 MJup respectively. To reflect both estimates while still
conveying the broad uncertainties in substellar evolutionary
models, we adopt a mass of Mc = 14.5 ± 2.0 MJup for the
companion for this study.
Updated system properties are listed in Table 1.
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Table 1. System Properties for GSC 6214-210
Property Previous Value Updated Value Ref
Properties of the Primary
Distance (pc) 145 ± 14 108.8 ± 0.5 1,2
Proper Motion µα=-19.6 ± 1.1, µα=-19.38 ± 0.10, 3,2
(mas yr-1) µδ=-30.4 ± 1.1 µδ=-31.25 ± 0.07
Luminosity (L) 0.38 ± 0.07 0.221 ± 0.002 4
Mass ( M) 0.9 ± 0.1 0.83 ± 0.02 5
Age (Myr) 10 16.9 +1.9−2.9 6,7
Teff (K) 4200 ± 150 – 4
SpT K5 ± 1 – 5
Properties of the Companion
Luminosity -3.1 ± 0.1 -3.35 ± 0.02 4
(log(L/L))
Age (Myr) 10 16.9 +1.9−2.9 6,7
Mass (MJup) 14 ± 2 14.5 ± 2.0 5
References—(1) de Zeeuw et al. (1999a); (2) Gaia Collaboration
et al. (2018); (3) Zacharias et al. (2017); (4) Bowler et al. (2011);
(5) Bowler et al. (2014); (6) de Zeeuw et al. (1999b); (7) Feiden
(2016)
We used the near-infrared imaging camera NIRC2 coupled
with the adaptive optics system (Wizinowich et al. 2000) on
the Keck-II telescope to obtain high resolution imaging of
the GSC 6214-210 system. We used a total of 77 images in
this study, summarized in Table 2. Observations from 2008,
2009, and 2010 were previously reported in Ireland et al.
2011, and were reanalyzed for this study. All images used
in this study were obtained with the K′ filter and the narrow
camera, with adaptive optics in natural guide star mode. The
details of each image are listed in Appendix C.
Each science and calibration frame was linearized in
Python using the methodology of the IDL task linearize_nirc2.pro
2 (Metchev & Hillenbrand 2009). Science frames were dark-
subtracted and flat-fielded using the corresponding dark and
flat frames from each epoch. Bad pixel identifications were
adopted from Kraus et al. (2016) and replaced with the me-
dian of surrounding pixels. An annotated and reduced image
can be seen in Figure 1.
4. ASTROMETRY
4.1. Relative Astrometry
4.1.1. PSF Fitting
We determined the relative position of the companion with
respect to the host star in each image through a custom Gibbs
2 http://www.astro.sunysb.edu/metchev/ao.html
Figure 2. Data, model, and residual map of the primary (top) and
companion (bottom) for one image from the 2008 dataset. The
model shown is built using the mean values of the parameter chains
from the MCMC fit for that image, and is plotted with a square
root stretch to emphasize the faint residuals. The model captures
the diffraction-limited core, but did not model the speckle structure.
We used this approach to PSF fitting due to our need to robustly
characterize the astrometric error for orbit fitting. We compare our
results to results from an empirical model in Section 4.2
Sampler Markov Chain Monte Carlo (MCMC) PSF-fitting
pipeline. We modeled the PSF of the primary and compan-
ion as the sum of two 2-dimensional Gaussian functions —
one to model the diffraction-limited core and another to cap-
ture the wings. We found that 2 Gaussians were adequate
to fully model the symmetric structure in the PSF; extended
speckle structure around the primary was sufficiently faint as
to not affect the fit, and would be poorly modeled by an az-
imuthally symmetric function. Robust astrometric error bars
were essential for orbit fitting, so we decided that in this case,
modeling the PSF analytically was preferable to accurately
modeling the speckle noise with empirical PSF templates.
Figure 2 displays the data, model, and residual map for the
host star and the companion for one image from the 2008
dataset, shown with a square root stretch to emphasize the
faint speckle structure.
Our PSF fitter used a Metropolis-Hastings jump accep-
tance criterion with Gibbs sampling of the 16 model param-
eters: the x and y position of the primary, x and y position
of the companion, amplitude of the primary, amplitude of the
companion, amplitude ratio between wide and narrow Gaus-
sian, x and y pixel offset for the center of the wide Gaussian
relative to the narrow, background level, standard deviation
in x and y direction for both wide and narrow Gaussians, and
rotation angles of wide and narrow Gaussians.
We carried out our MCMC fit using the Texas Advanced
Computing Center (TACC) Lonestar 5 supercomputer in par-
allel processing, with each of the 48 cores acting as an in-
dependent walker. We ran each image on Lonestar 5 for
12 hours, generating around 50,000 steps per parameter per
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walker. We removed the first 13,000 steps to allow for burn-
in, which yielded 1.8 million samples per parameter, includ-
ing x and y pixel position for star and companion. We com-
puted a Gelman Rubin statistic for each parameter chain for
each image and all were below 1.1, which we interpret to
indicate sufficient convergence.
We inspected the covariances between each of the fit pa-
rameters for each image. Most joint distributions appeared
to be approximately Gaussian with symmetric tails, indicat-
ing little covariance between the parameters of the fit. Some
variables were slightly correlated, however none of the vari-
ables involved in determining the location of the centroid,
our parameter of interest, were correlated in such a way as
to bias the location. We therefore conclude that correlations
between model parameters did not influence our astrometric
result. Separation and position angle were uncorrelated in
every image.
4.1.2. Astrometric Calibration
The MCMC chains for the primary and companion pixel
positions were then fed into the second phase of our pipeline,
which converted each pair of x and y pixel positions to on-sky
separation and position angle with appropriate corrections.
To convert the (x,y) pixel measurements into on-sky rela-
tive positions, we first corrected for optical distortion. Ob-
servations before 2015 Apr 13 UT are interpreted to have a
plate scale of 9.952 ±0.002 mas pixel−1 and PA offset of –
0.252 ± 0.009◦ between the on-chip orientation and on-sky
orientation (Yelda et al. 2010), and observations after this
date are interpreted to have a plate scale of 9.971 ±0.004
mas pixel−1 and PA offset of –0.262 ± 0.022◦ (Service et al.
2016), due to the realignment of the NIRC2 camera. FITS
header values are set at the start of the exposure, so for im-
ages taken in vertical angle mode, we corrected the rotator
angles to correspond to the midpoint of the exposure. We
finally applied corrections for differential aberration and at-
mospheric refraction using the weather data provided in the
NIRC2 headers, and computed a relative separation and po-
sition angle for each of the 2 million (x,y) pixel-space mea-
surements along each MCMC chain. We computed the final
measurement for an image as the mean and standard devia-
tion of the separation and position angle chains.
To capture the uncertainty in a single epoch, we adopted
the weighted average for separation and position angle in
each image. To address systematic errors, we first accounted
for the residual error in (x,y) of 1 mas found in both the Yelda
et al. (2010) and the Service et al. (2016) distortion solutions
by adding a
√
2 mas uncertainty in quadrature to the mean
of the positional uncertainties for ρ and θ within each dither
position. We then computed the weighted mean and uncer-
tainty between the dither positions in a single epoch, to re-
flect that the distortion uncertainty averages down with mul-
tiple dither positions. To that epoch-wide uncertainty we then
added in quadrature the pixel scale and orientation correc-
tion uncertainties which are common to all dither positions
at a given epoch (0.002 mas pixel−1 and 0.009◦ for the Yelda
et al. (2010) distortion solution, 0.004 mas pixel−1 and 0.02◦
for the Service et al. (2016) distortion solution).
Error bars in one image are consistent with image-to-image
scatter within one epoch, and the scatter around the subse-
quent linear fit across all epochs (described in Section 4.2).
The reduced chi-squared when combining images within one
epoch, and between epochs when doing the linear fit, are
close to 1. Because the companion is detected at low signal-
to-noise, the MCMC is constrained by the Poisson error in
the companion, and dominates over any systematic error due
to PSF offset.
4.2. Detection of Orbital Motion
A companion with such a wide separation, and therefore
low orbital velocity, requires precise astrometry to distin-
guish orbital motion from measurement scatter. We mea-
sured linear motion of the companion that is statistically sig-
nificant above the noise, as reflected in the measurements
listed in Table 2 and displayed in Figure 3.
We computed a linear fit to the separation and position an-
gle as a function of time, also shown in Figure 3, which gives
an angular velocity of µρ = −0.68±0.11 mas yr−1 in separa-
tion, and µθ = −0.89± 0.10 mas yr−1 in position angle, with
µ = 1.12± 0.15 mas yr−1 in total. The reduced chi-squared
statistic of this fit is χ2/v = 0.89 for 10 degrees of freedom
(14 observations fit with 4 parameters), so we conclude that
the linear fit is sufficient to describe the data and our errors
are of appropriate magnitude.
We compared our results to astrometry conducted using
the empirical PSF-fitting method StarFinder (Diolaiti et al.
2000), e.g., as described in Dupuy et al. (2016), which
found µρ = −0.54± 0.13 mas yr−1 in separation, and µθ =
−0.98±0.08 mas yr−1 in PA. Both are consistent with our re-
sult at ∼1-σ, thus uncertainties due to choice of pipeline do
not dominate over stochastic uncertainties.
The companion has been well-established to be co-moving
with the primary (Ireland et al. 2011), and if we treat it as
a non-moving background object, we would expect to ob-
serve a relative motion of 36.77 ±0.13 mas yr−1 due to the
proper motion of the primary. This disagrees by ≈ 200 σ
with our measured total velocity. If the companion were
instead another member of USco located at the mean dis-
tance of 145±15 pc (Rizzuto et al. 2011; Wright & Mamajek
2018), it would exhibit a smaller proper motion for the same
space velocity, and its relative velocity would also disagree
significantly from our measurements. If we instead treat the
companion as completely co-moving, the chi-squared statis-
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Figure 3. (a): Astrometry results showing a linear trend and orbital motion, plotted as change in angular and radial distance over time. Dots
indicate results from each image, and error bars are the mean epoch value. Thick error bars represent the weighted average uncertainty due to
scatter in each epoch, thin error bars show additional systematic uncertainty. Error bars to the left represent median error for a single image.
(b): Astrometry and linear fit for each parameter as a function of time. Error bars represent the total error in each epoch, and match the thin
error bars in (a). Deltas reflect change referenced from the average 2008 position, at (0,0).
tic is χ2 = 127.03 (χ2/v = 12.7), confirming the linear trend
is statistically significant above noise.
If the object were in a circular, face-on orbit, the expected
velocity at its observed position would be 1.88± 0.05 km
s−1 in the plane of the sky. At the distance of GSC 6214-210
(d = 108.8±0.5 pc), our measured velocity in the plane of the
sky is 0.61± 0.09 km s−1, indicating that the object is either
near apastron, in an inclined orbit, or in a wider orbit which
appears close when projected. At a projected separation of
240 au, the only measurements we can make with a 10 year
time baseline is projected instantaneous separation and pro-
jected orbital velocity. If the separation vector is in the plane
of the sky (causing maximum acceleration), then the acceler-
ation would be predicted to be only 6×10−4 au yr−2, resulting
in only a 0.05 mas yr−2 velocity change. This is well beneath
our detection limits, meaning that our data do not constrain
acceleration.
Additionally, the observed motion is much smaller than the
mean velocity dispersion observed in USco of σ = 1.86±
0.21 km s−1 (Wright & Mamajek 2018). This is further ev-
idence that this is a bound companion and fitting Keplerian
orbital parameters to this motion is justified. With the maxi-
mum acceleration of 0.05 mas yr−2, deviation from linear mo-
tion by more than 3-σ (3 mas) would be observable in ap-
proximately 11 years.
This linear velocity allows a wide range of possibilities for
eccentricity and inclination in our orbit fit but still provides
a joint constraint on the posterior distribution of orbital ele-
ments.
4.3. Minimum Periastron
If the companion were constrained to a face-on orbit, and
thus the most tightly bound, our velocity vector provides the
minimum allowed periastron distance, which we computed
analytically.
Using conservation of angular momentum and energy, we
can compute that:
Lobs = Lperi (1)
Eobs = Eperi (2)
where obs denotes values at our observation time, and peri
denotes values at periastron. Thus,
m ~robs× ~vobs = m ~rperi× ~vperi (3)
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Table 2. Keck/NIRC2 NGS AO Astrometry for GSC 6214-210 b
Epoch MJD Filter Nimages NDithers tint Tracking Separation Position Angle
(sec) (mas) (deg)
2008.46 54634.34 Kp 20 2 20 PA 2201.96 ±1.09 175.623 ±0.027
2009.41 54982.38 Kp 9 4 10 PA 2202.56 ±1.20 175.585 ±0.031
2010.32 55312.61 Kp 8 4 10 PA 2201.40 ±1.40 175.578 ±0.036
2011.42 55716.34 Kp 6 3 10 PA 2202.53 ±1.12 175.506 ±0.026
2014.58 56868.27 Kp 6 1 20 VA 2197.63 ±0.64 175.452 ±0.015
2016.46 57555.47 Kp 10 1 20 VA 2198.24 ±1.10 175.433 ±0.026
2017.49 57932.31 Kp 13 1 20 PA 2197.11 ±1.13 175.368 ±0.027
2018.49 58300.37 Kp 5 1 20 PA 2195.64 ±1.12 175.375 ±0.027
NOTE— 0.026 deg = 1 mas tangential angular distance
NOTE— Nimages is the number of images in each epoch. NDithers is the number of different dither positions in
each epoch. Integration time per image (tint) is determined as integration time per coadd times the number
of coadds. Tracking mode is either Position Angle Mode (PA) or Vertical Angle Mode (VA).
−GM∗mc
robs
+
1
2
mcv2obs =
−GM∗mc
rperi
+
1
2
mcv2peri (4)
Given that ~rperi× ~vperi = | ~rperi|| ~vperi|sinθ, rearranging and
substituting for vperi, we obtain the quadratic equation
(−GM∗
robs
+
1
2
v2obs
)
r2peri + GM∗rperi −
1
2
(robs vobs sinθ)2 = 0 (5)
Solving this equation for rperi, given the measured mean
velocity of vobs = 0.61 km s−1 and assuming a face-on orbit
with robs = 239.4 AU, we compute a minimum periastron of
rperi = 10.0 AU. Repeating this calculation for a 3-σ slower
velocity of vobs = 0.34 km s−1, we compute a periastron of
rperi = 3.0 AU. This gives the minimum allowed periastron to
3-σ, constrained by our measurement of an orbital velocity
vector.
This places an analytical constraint on the minimum, most
tightly bound orbit for the companion. To fully sample the
posterior distributions of orbital elements consistent with our
astrometric velocity vector, we performed an orbit fitting
analysis described below.
5. ORBIT FITTING
5.1. Orbits for the Impatient
We created a custom orbit fitting algorithm based on the
Orbits for the Impatient (OFTI) method of Blunt et al. (2017).
Briefly, OFTI uses rejection sampling adapted from the meth-
ods of Ghez et al. (2008) to generate probable orbits more
quickly than MCMC, but with the same posterior PDF. Our
implementation of OFTI randomly generates four orbital pa-
rameters from uniform distributions for eccentricity (e), ar-
gument of periastron (ω), mean anomaly, and cos(i). The
semi-major axis (a) for all orbits was initially fixed at 100
AU, and position angle of ascending node (Ω) was initially
fixed at 0◦. Host star mass and distance were drawn from
a Gaussian distribution centered at the updated values from
Section 2.2 value. Period (P) was computed from Kepler’s
3rd law for each orbit. Epoch of periastron passage (T0) was
derived from the mean anomaly. OFTI then scaled a and ro-
tated Ω to match a single observational reference epoch. We
found the reference observation which resulted in the high-
est acceptance rate, and thus the most efficient, to be one
with the minimum error in the astrometry. Astrometric er-
rors were incorporated into the fit by randomly drawing the
separation and position angle at the reference epoch from a
Gaussian distribution described by our astrometric uncertain-
ties. We placed no additional restrictions on orbital configu-
rations tested by our algorithm.
Like Blunt et al. (2017), our implementation generated
random orbits in batches of 10,000, performed a rejection
sampling accept/reject decision on each orbit. As orbits
were generated, the minimum χ2 found was continuously
tracked, and periodically the previously accepted orbits were
re-examined with the latest minimum χ2 to determine if they
should have instead been rejected. This was repeated until a
minimum of 100,000 orbits were accepted.
5.2. Orbital Elements
5.2.1. Constrained fits
We begin by studying the most extreme limitations our ob-
served velocity vector can place on allowed orbits for the
companion. We performed two OFTI fits with restricted pa-
rameters, a face-on fit (i = 180o) and a circular orbit (e = 0.0).
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Table 3. Summary of Orbital Parameters
Element Circular Face-on Full Orbit Fit
Inner (blue) Outer (purple) Median Mode 68.3% Min CI 95.4% Min CI
a (AU) 246+3−2 1850
+460
−380 128
+2
−2 230 130 (125, 300) (124, 1360)
e 0.0 0.0 0.92+0.02−0.02 0.66 0.87 (0.51, 0.94) (0.08, 0.95)
i (deg) 106+2−2 96
+2
−1 180 111 105 (100, 122) (94, 150)
ω (deg) ... ... 90+62−61 83 71 (32, 135) (3, 183)
Ω (deg) 133+1−2 49
+5
−5 ... 53 179 (0, 132) (2, 180)
T0 (yr) ... ... 1000+86−110 320 1300 (-1000, 1200) (-20000, 2000)
Periastron (AU) ... ... 10.3+3.0−2.5 87.1 13.9 (7.3, 160) (4.4, 700)
NOTE—Orbital parameter posteriors for a circular orbit fit (e = 0), a face-on orbit fit (i = 180o), and a fit with no constrained parameters. The
face-on constraint gave well constrained posterior distributions for all parameters, with a 3-sigma minimum periastron distance of 2.8 AU.
The circular constraint gave two unique orbit solutions, displayed in Figure 4, an inner, tighter orbit plotted in blue, and an outer, wider orbit
plotted in purple. Errors on values for the circular and face on constraints represent 68% confidence intervals. For the full OFTI parameter
fit posterior distributions we report the median, mode, and 68.3% and 95.4% minimum credible intervals, with marginal posteriors shown in
Figure 5 and joint distributions displayed in Appendix B
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Figure 4. 100 orbits randomly selected from the posterior of the two
constrained orbit fits shown in Table 3. Figure a: Posterior orbits
from an OFTI fit with the inclination fixed at a face-on orientation
of i = 180o. This is the configuration that places the companion
deepest in the potential well. Figure b: Posteriors from a fit with
eccentricity constrained to be circular (e = 0.0). Since the motion in
the plane of the sky is well under the circular face-on velocity, two
distinct solutions result from this fit: a tighter orbit family plotted in
blue, and a wider orbit family plotted in purple.
The results from the two constrained fits are shown in Table
3.
The face-on fit gave a mean periastron that agrees with our
analytic calculation in Section 4.3. When confined to a cir-
cular orbit, we find two unique families of solutions, shown
in Figure 4(b) – a tighter orbit plotted in blue, and a wider or-
bit plotted in purple. Both solutions place constraints on the
inclination. The wide orbit (purple) would place the com-
panion outside the NIRC2 field of view for the majority of
the orbit, while the tight orbit (blue) would only hold if we
were coincidentally seeing the companion exactly at maxi-
mum projected separation. Neither scenario is ruled out by
our observations, but they would only hold if we had coin-
cidentally discovered the companion at a very specific epoch
in its orbit.
5.2.2. Full orbit fit
We performed an OFTI fit with all free parameters. Our
posterior sample is comprised of 100,000 accepted orbital
configurations outputted from OFTI. Figure 6 shows a selec-
tion of 100 orbits from the sample. A wide range of orbital
parameters were found to fit the data reasonably well, with
wide marginal distributions for most parameters. However,
the orbit arc provides a joint constraint on the posteriors of
each element. Figure 5 displays the joint credible intervals of
semi-major axis, eccentricity, and periastron with inclination,
and the marginal distributions for all fit parameters and peri-
astron. Appendix B displays the full joint and marginal pos-
terior distributions for the parameters for all orbits accepted
by our fitting algorithm. A large range of values for most
parameters were accepted by our OFTI analysis, indicating a
wide distribution of possible orbits that satisfy our data. We
report in Table 3 the median, mode, and 68.3% and 95.4%
minimum credible intervals for the orbital parameters for our
full orbit fit.
Finally, because we were interested in the possibility of
scattering from close radii, we examined the periastron pos-
terior resulting from each orbit solution in our unconstrained
fit posterior. We find 2% of orbits having a periastron less
than 10 AU. All orbits with a periastron less than 5 AU have
likelihoods less than 5%, and thus a companion on these or-
bits would have led to the observed data with a probability
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Figure 5. OFTI posterior distributions for the orbital elements for GSC 6214-210 b. Top: Parameter correlations shown as a 2d probability
density, with contours indicating 1-, 2-, 3-, and 4-σ regions. These parameters are the most strongly covariant. Bottom: 1d histograms of the
posterior distributions for the fit parameters, plus periastron (defined as rperi = a× (1−e)). In the absence of radial velocity information, there is
a degeneracy between solutions with Ω, and consequently ω, which differ by 180o. Here, we follow the convention of selecting the ascending
node 0o ≤ Ω ≤ 180o. Should future radial velocity measurements indicate Ω + 180o is the ascending node, then 180o should be added to our
measurements of Ω and ω. We show corner plot with all of the marginalized two-dimensional credible intervals in Appendix B.
less than 5%. We therefore conclude that these orbits are not
likely to have generated the observations we measured.
5.3. The Detectability of Potential Scatterers
If dynamical scattering were a feasible explanation for the
formation of wide PMCs, the observed companion would
have been scattered outward by another companion that was
likely of equal or larger mass (Veras & Armitage 2004; Veras
et al. 2009; Ford & Rasio 2008; Matsumura et al. 2017). No
radial velocity surveys to search for unresolved companions
have been conducted on this system, and there is no indica-
tion of stellar binary companions in spectroscopy on the host
star. The radial velocity scatter and an astrometric jitter term
of zero reported by Gaia DR2 also argues against the exis-
tence of a close-in stellar companion, but is not sufficient to
place limits on a substellar companion. We tested the de-
tectability of another, close-in substellar companion in high-
contrast imaging, which could have scattered GSC 6214-210
b to its current wide orbit.
We modeled the scattering interaction with the simplify-
ing assumption that both objects began on circular orbits at
the current periastron distance of each orbit in the posterior
sample. While this is unrealistic physically, it represents the
most conservative case because it gives the largest change
in orbital energy for the companion, and drives the scatterer
down the potential well by the maximum possible amount.
We determined the change in the companion’s orbital energy
due to the scattering interaction as
∆E = −
GM?mc
2
( 1
ac
−
1
r
)
(6)
where r is the initial radius of the companion’s initial circular
orbit (equivalent to its current day periastron for any given
orbital configuration), and ac is the companion’s final semi-
major axis for that orbital configuration. Assuming all energy
lost by the scatterer was transferred to the companion, the
final energy for the scatterer is
Esc = −
GM?msc
2r
−∆E (7)
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Figure 6. 100 orbits randomly selected from the distribution of over 100,000 accepted orbits for GSC 6214-210 b. Left: randomly selected
orbits around the host star (the yellow star located at 0,0) plotted in right ascension and declination. Right: the same 100 randomly selected
orbits plotted in position angle and separation over time, with the observations from Table 2 over-plotted. A variety of orbital configurations
comprise the posterior of our orbit sample.
The semi-major axis and eccentricity for the potential scat-
terer’s final orbit are therefore given by:
asc = −
GM?msc
2Esc
; esc =
r
asc
−1 (8)
under the assumption that the original orbital radius (r) is
the scatterer’s new apastron distance, again to conservatively
predict the least detectable possible orbital configuration. We
randomly drew a new orbital inclination for the scatterer and
orbital phase for the simulated observation, then applied de-
tection limits to determine if the simulated scatterer would
have been detected in imaging data. We performed this sim-
ulation for a scatterer mass equal to the companion (14.5
MJup), 1.5 times companion mass (22 MJup), twice the com-
panion’s mass (29 MJup), and five times the companion’s
mass (72.5 MJup).
As we describe in Appendix A, we have determined up-
dated detection limits for additional companions to GSC
6214-210 from each imaging epoch, including those that
were previously reported by Ireland et al. (2011), as well
as several epochs of non-redundant masking (NRM) interfer-
ometry. Given the moderate contrast of GSC 6214-210 b with
respect to its primary star, companions of equal or greater
mass (i.e., equal or lesser contrast) would be observable quite
close to the primary star, enabling detection in a large frac-
tion of cases. The innermost limit for an equal-brightness
companion was found on 2016 Jun 16, where such a com-
panion would have been detected at ρ > 22 AU. Similarly,
the limit for a scatterer at 1.5 time the companion’s mass was
8.2 AU (on 2011 Jun 04), twice the companion’s mass was
1.8 AU (on 2014 Jul 30), while the limit for a scatterer at five
times the companion’s mass was 1.7 AU AU (on 2014 Jul
30).
To ensure the most conservative estimate, we repeated this
analysis for the most energetically limiting case. The min-
imum possible initial energy for the scattering object is the
one in which results in the final orbit of the scatterer hav-
ing eccentricity = 1 and semi-major axis = half companion’s
current periastron distance (and thus apastron at the compan-
ion’s current periastron), because any angular momentum the
scatterer had has been fully transferred to the companion.
Any lower initial scatterer energy could not have produced
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the system we observe. This case would result in the scat-
terer impacting the host star, but it represents the lowest en-
ergy limiting case. Thus, regardless of what this initial min-
imum energy orbit was for the scatterer, we also tested for
detectability of a scattering object on this final orbit as the
minimum possible configuration for the scatterer.
Figure 7 shows histograms of the number of detected and
undetected scatterers as a function of the companion’s cur-
rent periastron distance for both scattering exercises. In the
most conservative case, for scatterers of mass equal to the
companion, 66.4% of potential scatterers would have been
detected in imaging. However, that 66.4% comprises the
ones on wider orbits; orbits fully or mostly inside the detec-
tion limit have little chance of being observed. So we cannot
rule out the existence of a second companion, except in the
highest mass cases. But, in the majority of cases, our con-
servative simulation suggests that a scattering object would
have been seen in the existing observations. We therefore
conclude that GSC 6214-210 b was unlikely to have been
scattered from an initially tighter orbit, unless it was scat-
tered from a very tight orbit and only by a scatterer of similar
mass.
6. DISCUSSION
We have used the orbit of the companion to look for clues
regarding its formation mechanism, specifically determining
the likelihood of formation at a close radius followed by ejec-
tion via scattering. Here we present evidence that dynamical
scattering is a possible but not likely explanation for the for-
mation of this object.
Unlike some other studies of wide PMC orbits (e.g., Bryan
et al. 2016), this study was unable to entirely rule out high
eccentricity orbits with close periastron. Orbits with eccen-
tricity near 0.9 are common in our posterior, and orbits with
periastron less than 10 AU have high likelihoods. We can-
not rule out dynamical scattering based on orbital parameter
posteriors alone.
While orbits with periastron less than 10 AU comprise
about 2% of the posterior, orbits with periastron less than 5
AU (0.03% of all orbits), all have low statistical likelihoods.
So, we conclude that orbits which would have allowed the
companion to form inside of Jupiter’s orbit, and near ice lines
at ∼1-2 AU, are not preferred. However, orbits with perias-
tron 5 - 30 AU are common in our sample (21%), many with
high statistical likelihoods, so formation of this companion
within that range cannot be ruled out by this analysis alone.
Other lines of evidence support the conclusion that dynam-
ical scattering is unlikely to explain the origin of this com-
panion. Bowler et al. (2014) observed GSC 6214-210 b to be
actively accreting from a circumplanetary disk. They deter-
mined that disruption of circumplanetary disks in scattering
interactions is likely quite common, and interpret the pres-
ence of a disk as evidence against a past scattering event.
Dynamical scattering from a close radius would require an-
other companion of equal or larger mass to act as the scat-
terer. Bryan et al. (2016) conducted a direct-imagining cam-
paign to search for close-in scatterers on seven known wide
PMC systems, and were unable to detect any new compan-
ions, and concluded that dynamical scattering was not a good
explanation for the formation of those systems. We per-
formed a simulation of the ability to detect potential scat-
terers in imaging data for GSC 6214-210, and found that for
all scattering objects of equal and greater mass, the scatterer
would have been observed in the majority of cases. Simu-
lations of scatterers of equal mass show it would not have
been detected in a relatively high fraction of cases (32% for
equal mass, 23.5% for 1.5 x companion mass), so we cannot
conclusively rule out the existence of a second close-in com-
panion. However, our simulations represented the most con-
servative case, so we conclude that a second scatterer would
have been observed in the majority of images. No other ob-
jects have been detected in ten years of imaging data, so we
interpret this as evidence against the existence of such an ob-
ject. Additionally, Gaia DR2 reported an astrometric excess
noise of 0.0, implying absence of an invisible companion
large enough to scatter GSC 6214-210 b and supporting the
conclusion that an inner companion is unlikely.
While we cannot conclusively rule out dynamical scatter-
ing, these lines of evidence form a picture for which scatter-
ing is not a likely explanation for this PMC. This conclusion
is in agreement with the dominant body of work for wide-
orbit planet formation, discussed in Section 1, and continues
to point to in-situ formation at the more likely scenario. Mea-
suring the orbital architecture of additional wide PMC sys-
tems would provide more evidence to support or challenge
this conclusion.
7. SUMMARY
We conducted an astrometric study and orbital motion de-
termination for the wide-orbit planetary mass companion
GSC 6214-210 b, yielding the first statistically significant
measurement of orbital motion for this object. We used a
Gaussian PSF model with an MCMC to measure relative as-
trometry in ten years of AO imaging data from NIRC2 at
Keck, and then developed a custom implementation of the
Orbits for the Impatient rejection sampling algorithm (Blunt
et al. 2017) to fit orbital parameters.
Our results demonstrate that a wide range of orbital pa-
rameters fit the data, including some with low periastron dis-
tances. However, we also demonstrate that the tightest orbits
still produce a relatively poor fit, with low likelihood to have
been observed. We also demonstrate that for most of the al-
lowed orbits, the scattering object would likely have been de-
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Figure 7. Top: Number of scatterers that would have been detectable for a scatterer of equal mass, 1.5 times companion’s mass, twice the
companion’s mass, and five times the companion’s mass, plotted as a function of companion’s periastron distance, assuming both objects were
on an initially circular orbit at the companion’s current periastron. Each plot shows the number of detected scatterers (gold) over-plotted atop
the number of total orbits (purple). The detection limit for each mass is plotted as a red vertical line. In the vast majority of cases, a second
companion of equal or greater mass would have been detected in existing observations, so it is unlikely for GSC 6214-210 b to have been
scattered from close radii, unless it both originated from deep in the potential well and was scattered by a similar-mass companion. Bottom:
Fraction of detected scatterers in the most limiting energy case, a scatterer orbit with eccentricity = 1 and apastron at the companion’s current
periastron distance. We see that in this most conservative case, the fraction of detected scatterers is smaller, but the overall conclusion of the
simulation remains the same — in the majority of cases the scatterer would have been detected in imaging.
tected in past high-resolution imaging data, unless the com-
panion was scattered from the tightest orbits and specifically
by a scatterer of similar mass. We cannot rule out core accre-
tion with subsequent dynamical scattering as a viable forma-
tion pathway for this companion, however we conclude that
it is much less likely than in-situ mechanisms such as gravita-
tional instability of the protostellar disk. This is in agreement
with prior work on other wide PMC systems, and suggests
that scattering is not likely to play a key role in producing
PMCs.
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APPENDIX
A. DETECTION LIMITS
Over the 8 years since we reported the results of Ireland et al. (2011) we have observed the GSC 6214-210 system numerous
additional times with both imaging and nonredundant mask (NRM) interferometry, while also improving our understanding of the
noise properties of the NIRC2 camera. We therefore are now able to provide updated detection limits for additional companions
interior to GSC 6214-210 b.
For the 2016 epoch that we describe in Section 3, we conducted PSF subtraction and candidate identification using the methods
described by Kraus et al. (2016). To briefly summarize, each image was first calibrated and cleaned of hot pixels and cosmic
rays. To determine optimal detection limits at wide separations, we then subtracted the azimuthally-averaged flux profile of the
primary star, computed the flux at every integer pixel location through a photometric aperture of diameter λ/D, and searched for
any such flux values that were +6σ outliers compared to the distribution of all such values at that projected separation. To search
for companions at smaller separations, we then repeated the same procedure while subtracting the best-fitting PSF as selected
from all observations of apparently single stars within the NIRC2 archive, based on the χ2 fit at radii of 0.15–0.45′′. We did not
find any candidate detections at > +6σ, establishing an upper limit for additional companions at the corresponding flux.
For the 3 NRM epochs that we have taken of GSC 6214-210 (one in the L′ filter, two in the CH4S filter), we analyzed the data
using the pipeline described by Kraus et al. (2008, 2011). To briefly summarize, the data analysis takes three broad steps: basic
image analysis (flatfielding, bad pixel removal, dark subtraction), extraction and calibration of squared visibilities and closure
phases, and binary model fitting. Unless testing fits for close, near-equal binaries, we fit only to closure phase, as this is the
quantity most robust to changes in the AO point-spread function. The detection limits are found using a Monte-Carlo method
that simulates 10,000 random closure-phase datasets of a point source, with closure-phase errors and covariances that match the
calibrated target data set. This routine then searches for the best fit for a companion in each randomized dataset. Over each
annulus of projected separation from the priamry star, the 99.9% confidence limit is set to the contrast ratio where 99.9% of the
Monte-Carlo trials have no best binary fit with a companion brighter than this limit anywhere within the annulus. We did not find
any cases where a companion was detected above that limit in a dataset, so we adopt those contrast values as our limits on the
existence of additional companions in the system.
In Table 4, we list the detection limits for additional companions in the 2016 dataset, and in Table 5, we similarly list the
detection limits for additional companions in each NRM dataset. The deepest example of each dataset was used as an input for
the limits on potential scatterers, as we describe in Section 5.3.
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Table 4. Contrast limits for NIRC2 imaging of GSC 6214-210
Epoch MJD Number of Integration Contrast Limit (∆K′ in mag) at Projected Separation (ρ in mas)
Frames Time (s) 150 200 250 300 400 500 700 1000 1500 2000
2016.46 57555.47 10 20 5.0 5.9 6.3 6.6 7.1 7.3 8.1 8.3 8.3 8.2
Table 5. NRM Contrast limits for GSC 6214-210
Epoch MJD Filter Number of Limits (mag) at
Frames 10 mas 20 mas 40 mas
2011.42 55716.34 L′ 6 0.27 3.20 3.27
2014.58 56868.27 CH4S 6 1.89 4.42 4.46
2017.49 57932.31 CH4S 13 0.27 3.20 3.27
ORBITAL MOTION OF GSC 6214-210 B 15
B. ORBITAL PARAMETERS JOINT CREDIBLE
INTERVALS
Figure 8 reports the full joint credible intervals for the fit
parameters, plus periastron, for the unconstrained orbit fit.
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Figure 8. Two-dimensional marginalized credible intervals for the orbital elements for the companion to GSC 6214-210. The one-dimensional
marginalized distributions of each element is shown on the diagonal. Parameters plotted are semi-major axis (a) in AU, epoch of periastron
passage (To), eccentricity (e), inclination (i) in degrees, argument of periastron (ω) in degrees, and longitude of periastron (Ω) in degrees, and
periastron distance ((1-e) a) in AU. The contours in the histograms correspond to the 1-, 2-, 3-, and 4-σ levels.
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C. IMAGE ASTROMETRY
In Table 6, we report the observational details and our in-
dividual fit results for each of the images we consider in this
work. The individual measurements were combined into a
single measurement at each epoch (Table 2) using the meth-
ods described in Section 4.1.
Table 6. Astrometric Measurements by Image
Image tint Tracking ρ PA S/N S/N FWHM
Filename (sec) Mode (mas) (deg) Primary Companion (mas)
2008 Jun 17 (JD 2454634.5) PI: Ireland
N2.20080617.29357.fits 20.0 PA 2202.23 ±0.57 175.624 ±0.015 1836 105 44.51 ±0.02
N2.20080617.29399.fits 20.0 PA 2202.66 ±0.58 175.607 ±0.016 2103 120 44.81 ±0.02
N2.20080617.29442.fits 20.0 PA 2201.82 ±0.64 175.624 ±0.017 2075 100 44.44 ±0.02
N2.20080617.29484.fits 20.0 PA 2202.01 ±0.57 175.619 ±0.015 2155 109 44.74 ±0.02
N2.20080617.29527.fits 20.0 PA 2202.87 ±0.62 175.616 ±0.017 2068 100 46.13 ±0.02
N2.20080617.29570.fits 20.0 PA 2201.65 ±0.67 175.615 ±0.018 2041 109 46.01 ±0.02
N2.20080617.29615.fits 20.0 PA 2201.68 ±0.57 175.607 ±0.015 1945 109 44.56 ±0.02
N2.20080617.29658.fits 20.0 PA 2201.20 ±0.60 175.616 ±0.016 2089 113 44.81 ±0.02
N2.20080617.29701.fits 20.0 PA 2203.52 ±0.62 175.618 ±0.017 2198 102 45.09 ±0.02
N2.20080617.29744.fits 20.0 PA 2201.69 ±0.55 175.624 ±0.014 1591 120 41.03 ±0.01
N2.20080617.29818.fits 20.0 PA 2202.17 ±0.54 175.639 ±0.014 1555 117 42.40 ±0.02
N2.20080617.29860.fits 20.0 PA 2201.35 ±0.50 175.630 ±0.013 1516 137 40.86 ±0.02
N2.20080617.29903.fits 20.0 PA 2200.83 ±0.52 175.632 ±0.013 1646 124 41.10 ±0.02
N2.20080617.29945.fits 20.0 PA 2202.16 ±0.53 175.629 ±0.014 1496 136 40.65 ±0.02
N2.20080617.29988.fits 20.0 PA 2201.70 ±0.55 175.631 ±0.014 1561 136 43.81 ±0.02
N2.20080617.30031.fits 20.0 PA 2202.18 ±0.56 175.615 ±0.014 1359 118 42.01 ±0.02
N2.20080617.30074.fits 20.0 PA 2202.19 ±0.56 175.633 ±0.014 1368 115 41.50 ±0.02
N2.20080617.30117.fits 20.0 PA 2201.80 ±0.55 175.620 ±0.014 1310 126 41.07 ±0.02
N2.20080617.30160.fits 20.0 PA 2201.93 ±0.51 175.626 ±0.013 1162 138 41.22 ±0.01
N2.20080617.30203.fits 20.0 PA 2201.18 ±0.59 175.629 ±0.015 1277 126 41.72 ±0.02
Mean: 2201.96 ±1.09 175.623 ±0.027
2009 May 31 (JD 2454982.88) PI: Hillenbrand
N2.20090531.32959.fits 10.0 PA 2202.32 ±1.51 175.566 ±0.038 1890 46 40.77 ±0.03
N2.20090531.33040.fits 10.0 PA 2203.08 ±1.43 175.575 ±0.033 2459 10 39.25 ±0.03
N2.20090531.33067.fits 10.0 PA 2203.84 ±1.39 175.556 ±0.033 2455 10 39.20 ±0.03
N2.20090531.33115.fits 10.0 PA 2199.76 ±1.73 175.597 ±0.040 2276 46 40.23 ±0.03
N2.20090531.33141.fits 10.0 PA 2199.90 ±1.69 175.610 ±0.040 2240 49 40.41 ±0.03
N2.20090531.33190.fits 10.0 PA 2204.76 ±1.44 175.605 ±0.034 2109 48 38.72 ±0.03
N2.20090531.33216.fits 10.0 PA 2205.79 ±1.39 175.595 ±0.032 2240 46 38.61 ±0.03
N2.20090531.33310.fits 10.0 PA 2200.63 ±1.50 175.584 ±0.039 2043 54 40.77 ±0.03
N2.20090531.33336.fits 10.0 PA 2200.69 ±1.55 175.583 ±0.040 1885 44 40.77 ±0.03
Mean: 2202.56 ±1.20 175.585 ±0.031
2010 Apr 26 (JD 2455313.11) PI: Kraus
Table 6 continued
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Table 6 (continued)
Image tint Tracking ρ PA S/N S/N FWHM
Filename (sec) Mode (mas) (deg) Primary Companion (mas)
N2.20100426.52760.fits 10.0 PA 2201.54 ±0.58 175.545 ±0.013 3238 51 37.99 ±0.02
N2.20100426.52820.fits 10.0 PA 2200.67 ±0.54 175.590 ±0.012 2781 136 38.53 ±0.02
N2.20100426.52838.fits 10.0 PA 2201.52 ±0.60 175.550 ±0.013 2867 129 38.69 ±0.02
N2.20100426.52885.fits 10.0 PA 2201.75 ±0.55 175.570 ±0.012 2710 145 37.86 ±0.02
N2.20100426.52902.fits 10.0 PA 2201.99 ±0.62 175.636 ±0.013 2782 115 38.11 ±0.01
N2.20100426.52947.fits 10.0 PA 2200.75 ±1.03 175.584 ±0.025 1503 101 65.30 ±0.03
N2.20100426.52965.fits 10.0 PA 2202.33 ±0.90 175.602 ±0.021 1698 115 58.86 ±0.06
N2.20100426.53014.fits 10.0 PA 2200.63 ±0.71 175.562 ±0.015 1681 110 61.09 ±0.04
Mean: 2201.40 ±1.40 175.578 ±0.036
2011 Jun 04 (JD 2455716.84) PI: Kraus
N2.20110604.29500.fits 10.0 PA 2200.26 ±1.60 175.488 ±0.032 1887 61 41.16 ±0.03
N2.20110604.29538.fits 10.0 PA 2200.18 ±1.37 175.489 ±0.028 1835 63 40.63 ±0.03
N2.20110604.29597.fits 10.0 PA 2204.18 ±1.70 175.534 ±0.031 1283 67 40.60 ±0.03
N2.20110604.29625.fits 10.0 PA 2204.58 ±1.76 175.521 ±0.033 1310 54 41.45 ±0.04
N2.20110604.29660.fits 10.0 PA 2201.78 ±1.60 175.521 ±0.031 1442 61 39.68 ±0.03
N2.20110604.29724.fits 10.0 PA 2204.29 ±1.22 175.493 ±0.024 1754 89 39.55 ±0.03
Mean: 2202.53 ±1.12 175.506 ±0.026
2014 Jul 30 (JD 2456868.77) PI: Dupuy
N2.20140730.23631.fits 20.0 VA 2195.00 ±3.22 175.449 ±0.091 1743 22 38.69 ±0.06
N2.20140730.23677.fits 20.0 VA 2200.10 ±3.47 175.479 ±0.084 1351 30 51.15 ±0.11
N2.20140730.23723.fits 20.0 VA 2199.07 ±1.34 175.455 ±0.036 2136 55 41.23 ±0.03
N2.20140730.23785.fits 20.0 VA 2197.70 ±0.87 175.461 ±0.025 3220 92 40.04 ±0.02
N2.20140730.23831.fits 20.0 VA 2197.34 ±0.83 175.457 ±0.022 3719 87 44.72 ±0.02
N2.20140730.23877.fits 20.0 VA 2197.28 ±0.90 175.436 ±0.023 3307 77 38.58 ±0.02
Mean: 2197.63 ±0.64 175.452 ±0.015
2016 Jun 16 (JD 2457555.97) PI: Ireland
N2.20160616.40557.fits 20.0 VA 2200.34 ±4.52 175.493 ±0.105 1559 18 40.20 ±0.05
N2.20160616.40643.fits 20.0 VA 2197.54 ±4.81 175.405 ±0.134 1380 16 47.76 ±0.10
N2.20160616.40712.fits 20.0 VA 2197.90 ±2.56 175.411 ±0.073 1495 21 51.45 ±0.09
N2.20160616.40755.fits 20.0 VA 2198.65 ±2.78 175.459 ±0.087 1294 23 50.22 ±0.08
N2.20160616.40798.fits 20.0 VA 2196.86 ±1.72 175.438 ±0.048 1647 37 47.42 ±0.06
N2.20160616.40841.fits 20.0 VA 2197.91 ±1.39 175.421 ±0.041 1635 35 47.97 ±0.06
N2.20160616.40910.fits 20.0 VA 2198.96 ±1.66 175.451 ±0.047 1616 35 52.75 ±0.07
N2.20160616.40953.fits 20.0 VA 2199.69 ±1.49 175.454 ±0.044 1652 44 50.60 ±0.06
N2.20160616.40996.fits 20.0 VA 2197.91 ±1.64 175.368 ±0.052 1509 35 55.11 ±0.10
N2.20160616.41039.fits 20.0 VA 2197.83 ±1.35 175.443 ±0.043 1517 38 51.91 ±0.07
Mean: 2198.24 ±1.10 175.433 ±0.026
2017 Jun 28 (JD 2457932.81) PI: Kraus
N2.20170628.26610.fits 20.0 PA 2198.29 ±0.94 175.364 ±0.023 708 74 41.54 ±0.02
N2.20170628.26653.fits 20.0 PA 2198.48 ±1.08 175.386 ±0.026 835 67 41.38 ±0.03
Table 6 continued
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Table 6 (continued)
Image tint Tracking ρ PA S/N S/N FWHM
Filename (sec) Mode (mas) (deg) Primary Companion (mas)
N2.20170628.26728.fits 20.0 PA 2197.70 ±1.10 175.391 ±0.028 764 65 45.83 ±0.02
N2.20170628.26771.fits 20.0 PA 2196.93 ±0.78 175.394 ±0.020 701 75 44.50 ±0.02
N2.20170628.26872.fits 20.0 PA 2197.26 ±0.57 175.357 ±0.014 609 92 42.12 ±0.02
N2.20170628.26915.fits 20.0 PA 2196.53 ±0.60 175.354 ±0.015 643 106 42.29 ±0.01
N2.20170628.26958.fits 20.0 PA 2198.91 ±1.02 175.375 ±0.027 708 50 45.87 ±0.03
N2.20170628.27001.fits 20.0 PA 2198.30 ±1.15 175.413 ±0.033 565 37 49.66 ±0.04
N2.20170628.27086.fits 20.0 PA 2198.02 ±0.82 175.333 ±0.021 556 65 43.60 ±0.02
N2.20170628.27186.fits 20.0 PA 2196.83 ±0.83 175.344 ±0.021 514 76 44.26 ±0.02
N2.20170628.27229.fits 20.0 PA 2196.48 ±0.66 175.387 ±0.017 545 99 43.86 ±0.02
N2.20170628.27272.fits 20.0 PA 2195.19 ±0.60 175.351 ±0.016 499 83 43.15 ±0.02
N2.20170628.27315.fits 20.0 PA 2197.82 ±0.68 175.399 ±0.017 503 89 42.77 ±0.02
Mean: 2197.11 ±1.13 175.368 ±0.027
2018 Jul 01 (JD 2458300.87) PI: Ireland
N2.20180701.31632.fits 20.0 PA 2194.63 ±0.62 175.363 ±0.014 2534 104 38.62 ±0.01
N2.20180701.31675.fits 20.0 PA 2195.94 ±0.67 175.375 ±0.015 1897 91 37.64 ±0.01
N2.20180701.31718.fits 20.0 PA 2196.54 ±0.61 175.384 ±0.014 1694 88 38.18 ±0.01
N2.20180701.31761.fits 20.0 PA 2196.01 ±0.63 175.389 ±0.015 1822 91 39.05 ±0.01
N2.20180701.31804.fits 20.0 PA 2195.15 ±0.60 175.365 ±0.014 2199 105 38.63 ±0.01
Mean: 2195.64 ±1.12 175.375 ±0.027
NOTE—All images were obtained with the NIRC2 imager on Keck II in the K′ filter with no coronagraph. Integration time (tint) is determined
as integration time per coadd times the number of coadds. Tracking mode is either Position Angle Mode (PA) or Vertical Angle Mode (VA).
SNR is computed as a ratio of the sky-subtracted sum of pixel values within an aperture centered over the object to the standard deviation of
pixel values in an annulus outside the object’s PSF. FWHM is determined as 2.355 x the larger of the two sigmas of the 2D Gaussian fit.
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